INTRODUCTION
============

Axon guidance molecules (AGMs) are involved in several developmental processes in which determining directionality is important, such as body axis formation, neuronal migration, and axonal growth \[[@B1]\]. However, recent studies have revealed that AGMs are also involved in immune and inflammatory responses in peripheral organs/tissues and the central nervous system (CNS), postnatally \[[@B2][@B3][@B4]\]. In particular, there is evidence that different combinations of AGM ligand-receptor interactions are involved in neuroinflammation \[[@B5][@B6][@B7]\], which results from a series of immunological and inflammatory processes occurring within the nervous system. Various pro-inflammatory stimuli activate those processes, including pathogenic insults such as viral or bacterial infections, autoimmune responses, traumatic injuries, and proteinopathies. Neuroinflammation is thought to be of critical importance to degenerative brain diseases such as Alzheimer\'s disease, Parkinson\'s disease, amyotrophic lateral sclerosis, and multiple sclerosis \[[@B8][@B9][@B10]\]. Recently, multiple studies tried to elucidate the precise mechanisms underlying neuroinflammation and the resulting neurodegenerative diseases and to identify relevant therapeutic solutions. However, how neuroinflammation and associated neurodegenerative disorders are triggered and regulated remains poorly understood.

Axon guidance is the neurodevelopmental process whereby axons find the correct direction of growth across the developing nervous system to reach appropriate targets for their neurons \[[@B11]\]. The main functions of neurons are receiving, producing, relaying, integrating, and saving information. Axon guidance contributes to the construction and setting up of the 'infrastructure' that allows the nervous system to function. For a given neuron, axon guidance begins when, among a number of other neurites that become dendrites, one protrudes further from the cell body to give rise to the pioneer axon \[[@B12]\]. Earlier growth of glial cells, which produce the "slings", is essential for pioneer axons to find their appropriate targets \[[@B11]\]. To regulate this process, glial cells and axons communicate through the molecular interactions between axon guidance cues and receptors \[[@B1]\]. Axon guidance cues are present on the cell surface of and/or secreted by cells neighboring the protruding axon such as glial cells, muscle cells, ependymal cells, or other neurons. For example, Netrin is secreted to the extracellular matrix (ECM) from the ventral glia and neurons in *C. elegans*, and from the CNS midline glia and neurons in *Drosophila* and mammals, to regulate the directional guidance of the axons that later form the midline commissures \[[@B13][@B14]\]. Some ECM proteins also work as guidance cues. Depending upon the localization, they exert a combination of 'permissive' role which allows the outgrowth of axons, and 'instructive' function to mediate the directional guidance of axons \[[@B15]\]. Such permissive and instructive functions of the AGMs on axon outgrowth also determine the chemotactic cellular behaviors in postnatal biological processes such as angiogenesis \[[@B16]\], axonal regeneration \[[@B17]\], and inflammatory responses \[[@B18]\]. Therefore, understanding of the chemotactic functions of AGMs in development may allow the prediction of some of their postnatal functions; indeed, many AGMs are known to possess immunomodulatory functions \[[@B2]\].

Overall, immune and inflammatory responses start with the recognition of pro-inflammatory stimuli such as infection or tissue damage. Next, immune and inflammatory cells are activated by increased cytokine secretion and cell migration. Finally, the resulting edema and scavenging activities lead to resolution and repair \[[@B19]\]. A number of recent studies have revealed that AGMs are involved in most of these steps of the inflammatory process, including in the triggering and resolving of inflammation \[[@B2]\]. In general, proinflammatory cytokines are involved in the chemoattraction of immune and inflammatory cells such as macrophages and neutrophils. However, AGMs exhibit both attractive and repulsive chemotactic functions \[[@B20]\]. Depending upon the combinations of the ligand-receptor pairs present, AGMs can attract or repulse cells, and thus can be involved in both the stimulation and resolution of inflammatory responses \[[@B21][@B22][@B23]\]. The roles of AGMs within the nervous system are well known, including in axon guidance, synaptogenesis, neuronal migration, axon regeneration after injury, and regulation of neuroinflammation. In this review, we discuss the important roles of AGMs in the inflammation of the nervous system.

AXON GUIDANCE MOLECULES IN NEUROINFLAMMATION
============================================

Throughout the process of neuroinflammation, glial cells play central roles in initiating and sustaining immune and inflammatory responses. Glial cells produce AGMs even after completion of CNS development \[[@B24]\], and there is evidence that the expression levels of AGMs are changed by inflammatory stimuli in the nervous system \[[@B25][@B26]\]. At the same time, such changes contribute to the regulation of neuroinflammation, from onset to resolution. Many AGMs become upregulated by pro-inflammatory processes such as pathogenic infections \[[@B27]\], physical or ischemic injuries \[[@B5]\], or by pathological conditions such as beta-amyloid accumulation in Alzheimer\'s disease \[[@B28]\]. In these cases, AGMs play either protective or detrimental roles, depending upon their receptor-ligand combinations ([Table 1](#T1){ref-type="table"}).

Netrin pathway in neuroinflammation
-----------------------------------

Netrins are a secreted type of AGM ligands mostly involved in mid- to long-range guidance, including in the midline crossing of commissural axons \[[@B29]\]. However, Netrin function is not limited to the developing nervous system. Recent studies showed that Netrins can act postnatally as well, in any process in which chemotactic cellular activation is important, especially immune responses \[[@B30]\]. Curiously, the fact that Netrin-mediated chemotactic regulation occurs in non-neuronal systems ultimately renews our interest in their roles in the nervous system, albeit in particular after the completion of development.

It is well known that Netrins exhibit attractive or repulsive bifunctionality in regulating directional guidance, depending upon the types of receptors they interact with: Deleted in Colorectal Cancer (DCC) for attraction, and UNC5 homodimers or heterodimers with DCC, for repulsion \[[@B1]\]. Recently, the repulsive chemotactic activity of UNC5 receptors has drawn much attention in the fields of neuroscience and neurology, because it is suggested to have inhibitory roles in inflammatory responses in the nervous system, and thus to have neuroprotective roles in neurodegenerative diseases \[[@B18][@B31]\].

Related to their neuroprotective roles, Netrins also appear to exhibit anti-inflammatory activity; a number of genetic, molecular and biochemical studies has revealed that Netrin signaling activates anti-inflammatory, or neuroprotective, signaling pathways in neurological disease models, where neuroinflammation contributes either to the onset of the disease, or a detrimental prognosis \[[@B5][@B7][@B25][@B32]\]. In primary cultured human endothelial cells, Netrin expression is upregulated by stimulation with TNF-α and IFN-γ \[[@B4]\]. These results suggest that Netrin signaling is activated by pro-inflammatory stimulation, and therefore that Netrin may be involved in cellular reactions triggered by neuroinflammation \[[@B7]\]. Similarly, treatment with recombinant Netrin-1 can achieve anti-inflammatory responses through activation of the microglial UNC5B/PPARγ/NF-κB signaling pathway \[[@B5]\], and astrocytic p-AKT and PPARγ activation through the same UNC5B receptor \[[@B32]\].

Netrin-1 contributes to reducing neuroinflammation in the brain by blocking the gamma-secretase processing of amyloid precursor proteins (APP) and thus decreasing the production of beta-amyloid \[[@B33]\]. As one of the main pathogenic consequences of the accumulation of beta-amyloid is neuroinflammation, Netrin\'s role in neuroprotection may come from non-cell-autonomous activities. The Netrin receptor DCC forms a complex with APP and produces alpha-secretase-processed sAPPα \[[@B34]\], and this complex reinforces Netrin-mediated axon guidance signals, such as the DCC-mediated activation of ERK1/2 kinases \[[@B35]\]. In pathological conditions, APP undergoes gamma-secretase processing to produce beta-amyloid, and in this case, Netrin-1 negatively regulates the cleavage activity to reduce the levels of beta-amyloid \[[@B33]\]. In addition to regulating post-translational processing, Netrin-1 also decreases intracellular neurotoxic signals triggered by beta-amyloid (1-42) fragments \[[@B36]\]. In human subjects, a mutation in the Netrin receptor UNC5C was found to be correlated to the autosomal dominant type of late-onset Alzheimer\'s disease, and expressing that mutation in neurons causes increased neuronal cell death in the hippocampus \[[@B37]\]. Such observations indicate that Netrins are key players in the resolution of neuroinflammation, and that Netrin signaling components may be promising candidates as therapeutic targets against neurological diseases.

Semaphorin pathway in neuroinflammation
---------------------------------------

Semaphorins and their receptors (Neuropilins and Plexins) are AGMs mostly involved in contact repulsion during neural development \[[@B38]\]. Semaphorins are members of a large protein family, which consists of eight sub-families with at least thirty members. Among them, in vertebrates, there are twenty members in five evolutionary conserved sub-families (Class 3 to 7 Semaphorins). They exist in transmembrane, secreted, or glycosylphosphatidylinositol (GPI)-linked forms, and are involved in diverse cell-to-cell communication processes that require cytoskeletal modification and cell adhesion or migration. Some Semaphorins (e.g., 3A, 4A, and 4D) play important roles in immune responses and are defined as "immune Semaphorins \[[@B39]\]."

It is well known that Semaphorins are involved in the onset and the resolution of neuroinflammation, but the precise regulatory mechanisms underlying cell-to-cell or intracellular interactions are yet to be understood. Therefore, efforts to prevent neurodegenerative diseases have been targeting "immune Semaphorins" \[[@B40]\]. They have pivotal roles in regulating neuroinflammatory responses, with their specific role depending upon the ligandreceptor combinations present. Semaphorin 4D mitigates proinflammatory microglial activation in response to the bacterial endotoxin lipopolysaccharide (LPS) \[[@B26]\]. In the zebrafish spinal cord injury model, activated microglia are recruited to neurons expressing Semaphorin 4D, and inhibiting Semaphorin 4D hinders locomotive recovery and axon regeneration \[[@B17]\]. For astrocyte activation, Semaphorin 4B functions as the receptor for activation of astrogliosis followed by brain injury \[[@B41]\]. The only secreted Semaphorins that are involved in the immune responses are the Class 3 Semaphorins \[[@B42]\]. Semaphorin 3A is one of them, regulating the neuroinflammatory responses in multiple sclerosis (MS) models \[[@B43]\]. In MS patients, the expression levels of Semaphorin 3A were significantly decreased, suggesting its inhibitory role in the immunopathogenesis of MS \[[@B44]\]. The membrane-anchored Semaphorin 7A is also involved in neuroinflammation, as it is required for LPS-stimulated demyelination, or cell death, in both *in vitro* cerebellar slice cultures and *in vivo* experimental autoimmune encephalomyelitis (EAE) models \[[@B45]\].

Ephrin pathway in neuroinflammation
-----------------------------------

Erythropoietin-producing human hepatocellular receptors (Ephs) form a major axon guidance receptor protein family, which has the membrane-bound Ephrins as the corresponding family of ligands \[[@B46]\]. The Eph receptors comprise the largest known receptor tyrosine kinase family; it consists of fourteen members, including nine EphA and five EphB receptor subtypes \[[@B47]\]. Depending on their main target Ephs, Ephrin ligands can also be subcategorized into A- and B-types \[[@B48]\]. Ephrin-As are glycosylphosphatidylinositol (GPI)-anchored extracellular proteins, whereas Ephrin-Bs are transmembrane proteins. The main role of Ephrins and their Eph receptors is in contact-mediated repulsion during axon outgrowth in neural development \[[@B49]\]. Ephrin signals are bi-directional in terms of cell-to-cell interactions, therefore both Ephs and Ephrins are able to relay signals for each other, especially in the B-type subfamily; both EphBs and Ephrin-Bs have intracellular tyrosine residues that need to be phosphorylated to transmit extracellular signals \[[@B50]\].

Other than in axon guidance, Ephrin/Eph signaling plays important roles in immune activities \[[@B50]\]. For example, EphA2 mediates inflammatory responses in the post-infectious irritable bowel syndrome (PI-IBS) model \[[@B51]\]. Chemically inhibiting EphA2 mitigates pro-inflammatory responses in PI-IBS model mice. Some Eph receptors also function in the detection of pathogen activities. For example, EphA2 receptors detect fungal beta-glucan in epithelial cells \[[@B27]\]. In blood-brain barrier endothelial cells, EphA2 internalizes *Cryptococcus neoformans*, a yeast pathogen which causes meningitis \[[@B52]\]. Combined with the finding that EphA2 causes neuronal death after ischemic brain injury \[[@B53]\], it has been suggested that EphA2, along with its ligands (Ephrins A1\~A3), are involved in the activation of pro-inflammatory responses against pathogens.

In the nervous system, Ephrins and Eph receptors relay bidirectional signals between neurons and glial cells to regulate inflammatory activation of glia \[[@B54]\]. Both ligands and receptors are expressed in neurons and astrocytes of adult brains \[[@B24]\], and are involved in the activation of inflammatory signals between glia and neurons. Eph receptors are known for their role in reactive astrogliosis. For example, blocking EphA4 activity by specific chemical inhibitors reduces astrocyte migratory activation in the *in vitro* model of scratch injury \[[@B55]\]. As for retrograde signals, in a post-axotomy model, astrocytic EphrinB1 receives signals from neuronal EphB1 to activate a neuroprotective phenotype (namely A2-like activation) through the phosphorylation of STAT3 \[[@B56]\]. This signaling is hindered in SOD-1 mutant, human induced pluripotent stem cell-derived astrocytes, an *in vitro* disease model for amyotrophic lateral sclerosis. These observations imply that a proinflammatory bias may take place upon inflammatory glial activation, and thus resolving the neuroinflammation to a resting phase becomes difficult under the disease condition.

OTHER AXON GUIDANCE MOLECULES INVOLVED IN NEUROINFLAMMATION
===========================================================

Besides those mentioned above, other important evolutionarily conserved AGMs include Slit/Robo and Wnt/Fz. In addition to roles in guiding axons, they are also involved in various chemotaxis-dependent cellular processes, including cell migration and immune cell activation during neuroinflammatory responses \[[@B2]\].

Slit pathway in neuroinflammation
---------------------------------

Slit proteins are AGMs also known to function in inflammation. One interesting property of the Slit ligands is that they can interact with different receptors by undergoing proteolytic processing \[[@B57]\]. For example, Slit2 is cleaved into N-terminal and C-terminal fragments, which differentially regulate the chemotactic behaviors of neutrophils via attractive and repulsive effects, respectively \[[@B58]\]. In the nervous system, the N-terminal Slit2 fragment interacts with APPs \[[@B59]\], the precursor of the beta-amyloid peptide which contributes to Alzheimer\'s disease. Meanwhile, the C-terminal Slit2 fragment mediates growth cone collapse by interacting with Plexin A1 \[[@B60]\], which normally function as a Semaphorin receptor. Such redundancy and overlaps in ligand-receptor interactions add complexity to the Slit-mediated guidance signals. This may allow diversity in signals available for triggering by multiple specific contexts.

One important function of the Slit pathway is to regulate neuroinflammatory responses. Most studies on the inflammatory responses of the Slit pathway focused on Slit2 \[[@B58]\], and this also seems to be the case in the nervous system. Slit2 mitigates neuroinflammation using redundancy in ligand-receptor interactions. Slit2 protects the blood-brain barrier by interacting with Robo4 in surgical brain injury \[[@B6]\], while it inhibits infiltration of peripheral immune cells through Robo1 \[[@B61]\]. However, whether the different cleaved forms of Slits have different functions in neuroinflammatory responses is not known. Therefore, overexpression of Slit2 may be a way to improve the prognosis of patients with neuroinflammation-dependent neurological conditions \[[@B62]\]. However, direct application of Slit2 should be tested with care, because each variant isotype of the protein could have a different effect \[[@B58]\].

Wnt pathway in neuroinflammation
--------------------------------

Wnts are important signaling proteins functioning in developmental and several other cellular processes, including axis formation, cell fate determination, cell migration, survival, and proliferation \[[@B63]\]. During development of the nervous system, Wnts function as important guidance cues in determining cell polarity, axon growth cone directionality, and neuron cell body orientation \[[@B64]\]. Postnatally, Wnts are also involved in neuroinflammatory responses \[[@B65]\].

Wnt signaling through beta-catenin is the main process that controls the activation spectrums of immunoreactive gliosis: either to a neurodegenerative M1-like or a neuroprotective M2-like phenotype \[[@B66]\]. Wnt3a, secreted from glioblastoma cells, stimulates the activation of the microglia neuroprotective M2-like phenotype by activating beta-catenin signaling \[[@B67]\]. This represents the immunosuppressive role of the canonical Wnt signal on microglial cells, which is shown by the characteristic activity of glioma cells in the brain. Such activity of Wnt3a seems to depend on the type of stimuli received and acts together with Wnt5a to determine whether pro- or anti-inflammatory responses take place. Solely adding recombinant Wnt proteins activates pro-inflammatory responses in microglia, whereas if added together with LPS, recombinant Wnts alleviate the LPS-stimulated microglial inflammatory activation \[[@B68]\].

GUIDING FOR THE FUTURE: AGMS AS POTENTIAL TARGETS TO CONTROL NEUROINFLAMMATION
==============================================================================

As we have discussed in this review, AGMs play pivotal roles in various aspects of chemotactic behavior, including in inflammatory responses of glia, in peripheral immune responses, and in axon pathfinding. The bi-directionality of their function can be observed in multiple types of tissues, and in neuroinflammation, it enables AGMs to "guide" the process from onset to resolution. The combination of ligand-receptor interactions is key for determining the AGM-guided polarity of immune responses ([Fig. 1](#F1){ref-type="fig"}). Importantly, this characteristic of AGMs makes them excellent therapeutic targets for promoting neuroprotection against proinflammatory insults, while alleviating neurodegeneration.

Understanding of how the molecular mechanisms underlying AGM regulation of neuroinflammation link together is still poor, because of a lack of comprehensive studies integrating temporal and spatial roles of AGMs in neuroinflammation. Another relevant research topic may be the AGMs\' interactions with metalloproteinases and secretases. Metalloproteinases are involved in ectodomain shedding of receptor molecules, including the receptors of AGMs \[[@B33]\]. There are reports that Netrin and Slit receptors interact with metalloproteinases. These studies may provide insight into how to link those interactions with the onset of neurodegenerative diseases \[[@B59][@B69]\]. However, an exhaustive list-up of their combinatorial interactions is still lacking, and generating them would comprise a useful starting point to investigate these relationships.

As overexpression of AGM genes and treatment with recombinant AGM proteins modulate neuroinflammatory responses in neurodegenerative disease models, therapeutic applications could emerge that use these AGM targets. Some of the findings regarding the regulatory functions of AGMs in neuroinflammation became intellectual properties in the diagnosis, prevention, and treatment of related neurological diseases \[[@B70][@B71]\]. These methods apply the anti-inflammatory or neuroprotective functions of AGMs, such as Netrin-1 and neuregulin-1, or inhibit the pro-inflammatory functions of other AGMs, such as Semaphorin 4D, to treat pathological conditions in Alzheimer\'s and Parkinson\'s diseases, for example. Most of these approaches focus on the role of AGMs in mitigating causative factors such as beta-amyloid, or in detecting AGMs as disease biomarkers, which together makes AGMs very promising targets. Still, these therapeutic and diagnostic efforts are mostly focused on the role of AGMs in neurons, rather than their roles in regulating neuroinflammatory responses \[[@B72]\], which became prominent as causative factors in the onset of neurodegenerative diseases. Therefore, there is great scope for further translational investigation of the roles of AGMs in neuroinflammation.
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![Selected AGMs regulating neuroinflammation and neuron-glia interactions. Recombinant Netrin-1 inhibits Aβ production by interacting with APP and DCC receptors. Recombinant Sema4D inhibits microglial activation through microglial receptors PlexinB1 and CD72. UNC5B can inhibit inflammatory activation of microglia and astrocytes when bound to endothelial Netrin-1. Interaction between neuronal EphB1 and astrocyte EphrinB1 mediates neuroprotective activation of astrocytes. Aβ, amyloid beta; µG, microglia; AS, astrocyte.](en-28-311-g001){#F1}

###### Summary of the roles of AGMs in neuroinflammation described in this review
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ND, not determined with respect to the role of AGM in regulating neuroinflammation; PBMC, peripheral blood mononuclear cells.
